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ABSTRACT

Radio occultation studies of the terrestrial atmosphere are
possible throughuse of signals transmitted by satellites of
the Global Positioning System (GPS) and received by one
or more other satellites in low earth orbit (1.1E0). The
perturbed phase of the occulted signal gives direct

information on the refractivity profile in the region of

occultation, from which vertical profiles of density,
pressure, and temperature can be retrieved. The technique
requires the use of the dual GPSfrequencies in order to
isolate and remove most of the ionospheric effect.
Analysis of the effect of the ionosphere and methods of
removing it wiii be presented. } or the recovery of
atmospheric profiles, two major issues are addressed. The
first is how accurately can reflectivity be retrievedfor a
region in which there is a large horizontal refractiv ity
gradient; the second considers the separation of
temperature and moisture in the lower troposphere. Based
on model simulations, the capability of GPS to provide
atmospheric profiles is assessed.

L1INTRODUCTION

Profiles of atmospheric refractivity can be retrieved
with techniques utilizing measurements of the propagation
delay of signals from Global Positioning System satellites
observed by one or more receivers in low earth orbit.’] his
is an application 01 the radio occultation technique
originally developed in the late 1 960's anti early 1 970’s
through a combination of efforts primarily at JP1 and
Stanford [University anti is well established as a technique
in NASA’'s planetary program. The radiosignal
propagating from the GPS§ transmitter to the | 1O receiver
follows a path through the terrestrial atmosphere that
curves in response to gradients in atmospheric ret'raclive
index. The slowing of the signal as it travels along the
curved path produces an extra optical length in additionto
the incremental increase in the path length.

The cumulative effect of the atmosphere on the ray
path can be expressed in terms of the total refractive
bending angle, &, as a function of an impact parameter, ¢« .
The impact parameter is defined as the perpendicular
distance between the center of the local curvature near the
tangent point of the ray anti the asymptotic straight line
followed by the ray asit approaches the atmosphere (Fig.
i). For an atmosphere with local spher icai symmetty (i ¢,
no horizontal variations in refractive index), there is a
unique relationship> between ¢(a ) anti y(r), the
atmospheric refractive index as a function of radiusr.
Specifically, ufr)is obtained through integration of «(«),
where the integral is a specific caseof the Abel transform
(Ref 1). in the more general case where the contours of




constant re fractivity arc oblate in response to the hon-
spherical gravity field of a planet, the non spherical
inversion can be performed (Ref 2). in the most general
case, raytracing can he used in the inversion process.

The fundamental measurement in these radio
occultation experiments is the Doppler shill of the
received signal. W h e n combined with a precise
knowledge of the experiment geometry (obtained from
concurrent observations of other GPS satellites), each
sample of Doppler data can be converted to the
cot responding values for & and a The refractive index
profile gi(r) is then derived from estimates of o(a) .
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Fig | Occultation geometry for GPS-LEO

With a lull constellation of 24 GPS satellites, a
single GPSreceiver in 1.EQ, will obtain approximately
s()() globally distiibuted profiles per day. This coverage
may be sufficient for climate monitoring of stratospheric
temperatures. Improvement in the spatial coverage is
achicved by placing more receivers in orbit. With two
receivers in low earth orbit, the number of soundings
would approach that of the globalradiosonde network,
Because the receivers arc small, of low cost and very
simple devices, placing multiple receivers in O1bit is a
realistic possibility.

The occultation observations arc unique in a
number of ways. First, the principal observable is
propagation delay rather than intensity as in passive
sounders. For climate monitoring purposes in particular,
this is important because the errors in theretrievals
obtained from radio occultations will tend to be
independent of those obtained from other techniques. The
pmpz\gution delay can be measured very accurately and
doesnot requite any calibration parameters. The
measurement precision is sub-miillimeter whereas the
delay caused by the atmosphere varies from a fcw
centimeters near 60 km altitude to aboutlkm at the
surface.

A sccond unique feature is dueto the signal source
being essentially a point source. Therefore, the vertical
and cross-beam resolution is defined approximately by the
firstlresnel zone and is onthe order of I k. Because the
GPS signal frequencies (-1.5 GHz) arc very low by
remote sensing standards, these frequencies are well
below any absorption lines of significant atmospheric
constituents and the wavelengths are sufficiently long

(~20 cm) that acrosols, clouds, and rain have little et’feel
on the propagation of the radio signal. Thisallows a limb
sounding technique which operates down to the carth's
sutface. Moreover, because the signal source is observed
cither immediately before or after the occultation, the
observations are essentially sell-calibr:lted leading to
excellent long-term stability with no associated cost of on-
board calibration equipment.

The most obvious application of this technique is
accurate temperature retrievals in the stratosphere. The
small amount of water vapor at these altitudes has very
little effect on the retrievals. A general feature of the
technique which complements passive sounders is that the
sensitivity generally improves with colder temperatures
because the air is dry, relatively dense, and scale heights
are relatively small, all of which result in a more accurate
temperature retrieval (Ref 2), The occultation data also
has a potential application in the area of ttopospheric
weather monitoring. The high vertical resolution and
sensitivity to water vapor provides the potential for
estimating the 10 W- ICVC1 moisture profile within the
tropical marine layer (Ref 3).

A key issue is how to retrieve refractive-index
profiles in a horizontally non-uniform atmosphere. The
simplest retrieval techniqgue assumes there is no horizontal
variation locally to the structure, and therefore retrievals
done in this manner will tendto smooth out the hotizontal
structure. An evaluation of the retrieval in aspatially
variable atmosphere is provided in this paper. Another
approach is 1o consider each observation asanintegtal
measurement across the whole atmosphere, and therefore
it contains information on the horizontal structure, One
improvement over the spherical symmetry assumption is
to combine the occultation data with nadir viewing
observations from other instruments and do retrievals on
the combined data set. Be.cause the high vertical
resolution of the limb-sounding geometry complements
the horizontal resolution of the nadir sounders, the two
techniques operating in concert may be far more powerful
than either alone.

2. SOURCES OF REFRACTIVITY

As jt , the index of refraction, is close to unity in
the terrestrial atmosphere, it is convenient 10 define the
refractivity N = (f{ - 1 ) x 100. In the earth's atmosphere
there are three main sources of refractivity affecting the
passage of the GPS signals. (A fourthsourceis scatlering
from large rain drops, but it was shown in Retf 4 that this
source can be neglected except under very extreme
conditions. ) These arc referred to as dry, moist, and
ionospheric terms respectively, and the approximate
equation for their dependence is as follows:

N = 776 P v 37axacs D a03x1000
T e r~ (1)




where

t = pressure in millibars,

T = temperature in Kelvins,

Py = water vapor pressure in millibars,
He = electron numnber density (m-3),
1 =- radio frequencyin Hz.

The dry term is dueto the polarizability of
molecules in the atmosphere, that is, the ability of an
incident electric field 10 induce an electric field in the
molecules. The moist term is due to the large permanent
dipole moment of water vapor. The dry term dominates
for altitudes between 0-90 km with the water vapor
contribution becoming important in the lower
11 oposphere. The ionospher ic term is primarily due to free
clectrons inthe ionosphere at altitudes higher than 90 kin.

The dispersive nature of theionosphere causes the
ionospheric refractivity termto depend on the frequency
(37 term in Yq 1). This frequency dependence is
exploited by the GPS dual frequencies so that the
ionospheric ter-in is isolated anti removedto first order.
After the removal of this term, higher order residual
ionospheric terms will remain and will present a source of
error in the stratosphere. This effect may be particularly
important on the day side. A careful examination of
residual ionospheric effects and their magnitude is
provided in Section 4.

in regions where the atmosphere is dry (abovel0
ki altitude) only the first term on the RHS of Eql is
significant, Combining this with the equation of state for
dry ail rc’suits in

where 1 is the air density in kg m=3. Comparing bgs i
and 2, it becomes evident that the density is directly
proportional to refractivity for dry_air.  The pressure can
then be obtained from the density by integrating the
equation Of hydrostatic equilibrium:

.
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where h is heightand g is the acceleration of gravity.
Givenrand I, Fq. (2) can be used to obtain 7.

However, the "moistterm” can be substantial in the
lowest scale height of the earth’s atmosphere. This term
also exhibits considerable variability with location and
time. The separate contributions to N by the dry andthe
moist terms cannot be distinguished uniquely by the
occultation measurements alone. The accuracy to which
these terms can be separated is a function of climatic

regime. A simple look at how well these can be sepatated
in the two climatic regimes is presented in Ret's 3and -1.
As discussed in Ref 3, in tropicalregions where the
temperature structure is relatively constant, accurate
estimates of water vapor profiles can be obtained using
simple average dry structure. In the other extreme, polar
night, the moist contribution is so small that accurate
temperature retrievals can be obtained down to the sur lace
(Ref 4). This is consistent with the previously mentioned
cold temperature retrieval capability complementing
passive sensor observations. The retrieval of profilesfor a
non-uniformatmosphere is treated in Section 5.

3. ERROR SOURCES AN]) EXPECTED
TEMPERATURE ACCURACY

RBased on order of magnitude estimation, one can
divide the atmosphere into several altitude and climatic
regions where differenterror sources become significant,
Below 25 ki where random measarement error is a small
fraction of the total refractivity, systematic errors in tile
assumed shape of the contours of constant refractivity are
expected to dominate. Refractivity, temperature and
pressure errors will grow gradually with increasing
altitude until the decrease in refractivity in the thinning
atmosphere ciwses random errors and residualionosphere
effects to dominate. Random measurementer tots include
short term phase instability in the clocksinvolved in the
measurements, thermal noise in the receivers, multipath
off the surroundings of the transmitters and receivers,
ephemeris errors, and uncertain tropospheric delays. The
dominant error sources also depend onthe stiategy that is
being used during an occultation.

Three different approaches are possible
analyzingthe occultation data. First is the no-difference
technique where measurements from link A, which is the
link connecting GPSyto 1 EOshown in Fig 2, is used
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Fig 2. Single- and double-differencing geometries




alone. The second approach is the single differencing
technique’. In this technique the cartier phase of link A is
subtracted from that of B (link between GPS1 and a
ground antenna), thereby differencing out the GPS|clock
crror. The third approach is the double-differencing
technique, w here the following linear combination is
formed:

(link A - link B) - (link C - link 1))

1.ink C is between GPS?2 and 1.EQO; link 1D is between
GPS2 and the same ground antenna, as shown in lig 2,
The double-differencing technique cancels outall clocks
involved, namely those of GPS1, GPS2,1 EO and the
ground antenna. However, the single- and double-
differencing techniques introduce new errors ducto
atmospheric effects induced on thesignals between the
GPS satellite(s) and the ground receiver. With the six
existing GPS ground stations distributed evenly around
the globe (suchas the ones used to do mbit determination
for TOPLX/1POSHIDON), there is the necessary and
sufficient coverage to do double differencing. Thus, for
any given occul tat ion geometry, there are always two
GPS satellites that arc commonly viewed by the [LEO
satellite and two ground stations.

Table | shows the different sources of error for the
three different techniques. The symbol “x” refers tothe
presence of the noise source listed on the leftfor the
particular technique. Capita] and bold X refers to the fact
that the error is dominant. For instance the GPS cesium
oscillator is a dominant error source of error in the no-
differencing technique, while it is totally absent in the
single- and double-differencing technigues. on the other
hand the 1 [EO quartz. oscillator, which is about30 limes
better in stability than the GPS cesium, will have an etfect

in the no-differencing as wellas the single-differencing
technique. This error will be eliminated along with the
ground hydrogen-maser clock in the double-differencing
technique assuming that data are taken at the same rate
from both the 1.0 and groundreceivers, Also indicated
is the type of the errors assumed and, whenrelev ant, the
time constants that arc associated with these errors. The
factorof (2) nextto an “x” refers to the factthat the noise
appears twice since itis a double diftferencing technique.
The question mark refers o the fact that the error is not
yet well understoad.

Fig 3 shows the typical noiselevels dueto different
sources, Over the 200” seconds shows, the largesterror is
due to the 1. E:O quartz. oscillator as seen froma ground
receiver; therefore it includes the inexact specificationof
the troposphere. ‘I'ne following e€rror sources arc also
shown: (1 ) a Hydrogen maser; (2) al.EOSNRafter
taking the lincar combination of 1.1 and 1.2 whereby most
of the ionospheric effect is subtracted out. but this linear
combination increases the phasg iitters by afactor of 3,
(3) the ground SNR, (4) a | mm sine curve with a period
of 300 seconds which represent the ground multipath, (5)
a simulated error duetomultipathoff the 1 1O body, and
(6) avelocity bias which is dueto uncertainties in the
1.LEQO and GPS velocities and is takentobe 0,05 rnrn/see,
The error sources shown in Fig3donot include the
residual ionospheric error, an effect which is the residual
ionosphere after f()rlning the traditional “ionospheric free”
linear combination. Also not shown in the figure is the
GPS cesium clock drift. A typical GPS clock error would
look like that of the I.LEO quartz oscillator shown in Fig3
hat a factor” of 30 bigger-. Therefore, when an occultation
link is used without differencing with any other link (no-
differencing technique), then, the GPS clock oscillator is
by far the most dominant error source.

‘1"Al{] .E 1. ERROR SOURCES FOR THE THREE DIFFERENT TECHNIQUES POSSIBLE WHENANALYZING

OCCULTATION DATA.
Noise Origin Tau | Type no- Single- double-
(sec) differencing differencing differencing
Oscillators:
GPS cesium ! FF X
1.EO quartz ! FE X X
Grnd H-maser 1 1p X
SNR:
GPS to LEO 0.3 WE x X x(2)
GPS to Grnd 0.3 X x(2)
Troposphere
GPS to Grnd ! FE X X(2)
Multipath:
GPSto LEO SIM X X X(2)
GPS to Grnd X x(2)
Ionosphere:
GPS to LEO ? ? ?
GPS to Grnd appears in SNR [ appears in SNR
GPS2to LEO appears in SNR
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described i o Ref 1 1o obtain the
refractivity versus height. Density,
pressure and temperature are obtained
fromthe ret’laclivily profile through the
procedures described in Section 2. The
resultant temperature solution is then

*
[P — T

subtracted from the initial temperature
profile used in the simulation in order to
obtain an estimate of the error.

Simulations were carried outusing
the no-differencing technique, where the
dominanterror is the GPS clock, as well
as for the single -differencing technique
which eliminates the GPS clock error.
Fig 5 shows the error in thereconstructed
temperature versus height for the single-

T di fferencing technique. Two different

cases are plotted in Fig 5; in one case the
inversion started at 69 km while in the
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Fig 3 The estimated noise levels for seven different sources (see text for details)

in order to quantify the effect of the error-sources
shown in Fig3 on the recovery of the refractivity,
pressure and temperature, the simulation procedure
outlined in Yig 4 was developed. The first step is to
generate atmospheric temperature and pressure profiles,
and these are obtained from the US stand ard atmospheres
included in the Handbook of (geophysics and the Space
Environment published by the USAF. Ignoring water
apor, refractivity is then generated using the first term of
Fq 1. Observables for a given GPS-1.EO occultation
geometry are generated by raytracing the signal through
the assumed atmosphere. Noise is added to the simulated
radio signatures which are then inverted in the manner
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Figd Procedure for simulation of some error sources
that contribute to the retrieval of atmospheric
profiles

otheritstarted at 59 k. Fach case is the
RMS of four runs where the data noise
shown in Fig 3 is divided into four parts,
0-50, S0-100,100-150.150-200 sec, and
each case is run independently.
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Fig 5. Temperature error due to various sources {see text
Jor details)

Fig 5 shows that the temperatur e error is ~1 K al 50
km and drops to a few tenths of a degree Kelvin in the
middle and lower stratosphere. Although several error
sources are included in the simulations, possible
significant errors dueto the ionosphere as well as
systematic errors duetoinhomogeneity in the horizontal
structure of the refractivity have been excluded. These
error sources arc treated separately in Sections 4andS.
Theresults shown in Fig. 5 thus represent alower bound
of the temperature errors thatresult from random
measurement errors, Moreover, (he ei'feet of water vapor
has not been incorporated into the simulations results, and
for most atmospheres the presence of water vapor
obscures theinterpretation of the refractivity below




about? km. The retrieval of mois ture information in the
lower troposphere has heen described in Ref 3and is also
discussed in Section 5.

4. ERRORS DUE TO THE IONOSPHERE

The earth's ionosphere which extends {rom about
X() km altitude upward. acts as a lens that over lays the
neutral atmosphere. In an occultation” geometry, the signal
IMuUsSt pass through the ionosphere ON its way into and OU{
of the neutral atmosphere below 100 km altit ude. This
implies that a removal of this ionospheric effect on the
signalis necessary before we can accurately deduce the
neutralatmospheric profile. The dispersive nature of the
ionosphere, causes the two GPS frequencies totravel at
different speeds. A simple linear combination of the 1,1
and 1.2 signals canbe formed to subtract out most of the
ionospheric delay. This commonly used simple linear
combination however, assuines that the two GPS signals
arc traveling along exactly the same paths, Moreover, it
alsoignores higher order terms in theexpansion o1 the
index of refraction. These residual
ionospheric effects, if left uncalibrated, act s as an error
source thatmaps into neutral atmospheric profite errors.
in this section we will examine these ionospheric
residuals in some detail.

ionospheric

The two GPS phase observables, . and 1,2,
canbeexpanded in powers of the inverse operating
frequency as follows (See Appendix for details):

Ly=p - 7(]7 . ~‘; - —'1' + By
fi 21fi 31 , (4)

Lo=p- 9.1 v 1 ryayn

2 ap , (5)

where p corresponds to the geometricallength
along the path traveled by the I.7frequency plus the
delay induced by the neutral atmosphere; palso contains
ter ms that are common to both 1.7 and 1-2 such as clock
drifts. The coefficients ¢,v, andr are factors involving
mtegsration of the electron density and magnetic field
along the [.jpath. B anti B) contain other effects such
as systemnoisc, multipath and other terms that can be
solvedfor. The correction term o is dueto the fact that
the two paths traveled by the L jand /-2 signals are
slightly different.

The second, third and fourth terms on the right
hand side of Kqs. (4) anti (5) arerespectively inversely
proportionalto the second, third and fourth power of the
operating frequency. We will refer to these terms as the
“first”, “second” and "third" order ionospheric terms;o
will bereferredto as the bending term. Higher-order
(2“d and 3“‘) and bending terms arc three orders of
magnitude smaller than the first-order term. In most

6

geodetic applications, the first order term is removed via
a simple lincar combination of the /.; and [.p ( sce
Appendix, Hq.(A13)).Residualionosphericerrorsare
thenreduced to cmlevel or tess, Theseresiduals,small ax
they are, may be alimiting errot source in the neutral
atmospheric reconstruction at heights above 35km
altit ude. Below we estimat e th ese resid ual ionospheric
cffects, anti suggest waysot'reducing them.

To plot'’ced with the computationof the higher-
orderand bending terms, we have to assume models for
the electron density, N, and the ecarthmagnetic field 5,,.
For the electron density, we generated a 2-13 grid along 0
geomagnetic longitude using the Parameterized
Ionospheric Model (PIM) (Fig. 6). This 2-I> grid which
extends from-80,480 latit ude corresponds to the
simulated electron density at12:00 universaltime,
September 26, 1992. The density is representative of the
ionosphere during the day time, and during high solar
activities, PIM is a worldwide electron density profile
model that is based ona parameterized version of the
Utah State University model, which is a complete, first
principles, ionospheric model using as inputs the solat UV
flux wavelength profile, the Hedinneutral wind model,
the MSIS-86 ne utral atmosphere model, and an electric
field model obtained from all available experimental data.
The 2-I> density grid has a bulge near 20 deg. north
latitude. A vertical profile at that latitude is shown in
figure 7. Thetwopeaks corresponds to the 12 peak at 400
km altitude and the E peak at -10() km altitude, In our
simulation, the occ ultationis taking place in the same ()
longitude plane, with a tangent point at 20 deg. north
latitude,

Next we need tomodel the earth’s magnetic field. A
first order approximationto the geomagnetic field near the
surface of the earth is an earth-centeted dipole with its
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Figure 6. Electron density used to estimate higher-
order and bending terms
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Figure 7. _I'rite and reconstructed electron density
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axis tilted to intersect the earth at 78.5°N r1atitude,
291.001: longitude, which corresponds to the geomagnetic

north pote; and at 78.5°% S latitude, 11 1.0°E longitude
which corresponds to the geomagnetic south pole (Fig. 8).
IN general, such an approximation is only accurate to
about 75%; an approximationthatis 90% accurate can be
obtained by taking the dipole to be eccentric. Still a more
accurate value of the magnetic field can be obtained by
using the International Geomagnetic Reference Fields;
however, our aim is to get a first order assessment of the
higher-order and bending terms. These terms arc small,
but can be limiting sources of error in the temperature
profile retrieval in the Upper stratospheric heights. The
complexity of the moders used to estimate these errors

llCC(lUlll)’ to he consistent with the required accuracies

Based o11 these models, we estimate theresidual
ionosphericterms after forming the traditional
"tonospheric free” linear combination (lq.(A13)of
Appendix) Figure9 shows the residuals due to the
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Figure 8: The earth’s magnetic field modeled as an earth
centered dipole, aligned along the geomagnetic axis.

second- and third-order terms as well as bending versus
the height of the tangent pointof the occultation tink, Itis
clear ftom the figure that the dominant error is ducto
bending. This error becomes particularly large at heights
near 100 km altitude corresponding 1o the bottom of the B
layer. The maximum bending error at 100 km corresponds
to the time when the ray is experiencing the sharp vertical
gradient of the index of refraction in the tail of thell

layer.
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Figure 9: Residual ionospheric error d fler forming the
traditional "ionospheric free" linear combination.
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Figure 10: Bending of the 1.} and 1.3 signals and the
separation distance between the nearest approach points
of the two signals.

The effectof the dispersive bending is understood
further as we examine the amount of bending experienced
by each signal as shown in figurel0 The /. jand {2
signals experience a maximum bending of ().02 and ().03
degrees respectively. the positive bendingimplies that
the signals are curved away from the carth. This curvature

(w) vonesedag reubrs




changes sign when the tangent point is at altitudes higher
than the F2 region. Also shown in the figure isthe
Sepal-ilti)n distance between the two tangentheights of the
1.; and [.praypaths. The sepal-ation distance ranges
between - 150 mnear the surface of the carthto about
500" mat 100” km altitude.

on the other hand, typical night time ionosphere
residuals are less than 1 mmup to 80 km altitude which is
below some of tbe noise levels considered in the previous
section (see Fig. 3). Thisimplies that generally speaking
the night time ionosphere does not represent a problemto
neutial atmosphetic temperature recavery. In conti ast, the
day titne ionospheric resid val error ranges from-3to +3
cmbetween heights of 20-80 km, which would create a
seriouserror in the recovered temperature in the upper
partof the stratosphere. This phase change of 6 cm
corresponds to (). s % of the total atmospheric delay
experienced at 20 kin,

Wc are pursuing methods of further reducing tnis
¢1ror which utilize inforimationon the vertical struc ture of
the ionosphere recovered by inverting the ionospheric
occultation data. An example of the solution thus obtained
under the assumption of local spherical homogeneity is
shown in Fig. 6 (labeled "Uniform™). A better
reconstruction is obtained when a horizontal gradient in
the electron density was assumed (labeled "Non-uniform”
in I'ig. 6). This horizontal gradient is obtained from
ground zenith THC measurements and distributed equally
across all the ionospheric layers. It is importantto notice
that the point-to-point structure of the Iilayer is recovered
in the profile,the absolute level of the density however is
off. This canbe improved by applying the constraint that
the clectron density must fall off tozero near 90 ki, and
notexceeda certain limit within the B region. This will be
investigated further in subsequent studies.

S.NEUTRAL ATMOSPHERIC P ROFILES

We have taken a first order look at two of the major
issues concerning the accuracy and applications of
occultation observations of the GPS in the neutral
atmosphere (troposphere, stratosphere, and mesosphere).
The first issuc is how accurately can refractivity be
retiieved given the relatively large horizontal variations in
the refractivity structure that sometimes occurs. The
second issue is related to tropospheric water vapor and
concerns how well can the moist and dry terms be
sepatated from the refractivity estimates.

As seen fromlqs 1-3, once the ionospheric term
has been removed, the temperature can be retrieved in
regions where moisture is negligible, I'or the earth’s
atmosphere, moisture has little effect on the refractive
index when the temperature is less than about 245 K.
Thus, for occultation measurements from the GPS,
temperatures can be retrieved from about 60 km down to
about 7 km. For the special case of polar profiles in
winter, water vapor densities are sufficiently small that

very profiles of temperature can be retrieved down to the
surface (Ref 4). in the wropical regions over the oceans,
the temperature profiles tend to berathetunitorm. Making
use of this information allows the moisture profile in the
lower few kilometers of the atmosphere to be accurately
retrieved (Ref 3).

For occultation measurements using GPS, the radio
pathtraverses about 2,0()() km of the atmosphere for the
ray which is tangent to the ear Lb's surface. The previously
mentioned results in Refs 3and 4 assume a horizontally
uniform atmosphere over this 2,()(K) km. Underthese
conditions, the Abel transform provides a very accurate
reconstruction of the refractive index profile. However,
the earth’s atmosphere often has considerable structure in
the horizontal dimension. The effect of vatiable horizontal
structure was briefly discussed in Ret 4 where the reader
is referred to gain background on how this structure
affects the retrieval process. Here, in anattemptto
estim ate the upper limit of the impact of horizontal
structure of the atmosphere on the retrieval of profiles
from GPS data, we have simulated an occultation through
the center of a strong frontal surface, We believe this
represents extreme behavior tirst because it is extreme
weather behavior but also because the occultation
raypaths arc orthogonal to the front linc andbecause the
tangent points of” theraypaths fall right in the average
center of the front (distance = 1()()() km in Fig 8). 1t
should be understood that if the raypaths welt parallel to
the front, then the horizontal variations would be much
smaller and retiievals would be very accurate.

The temperature structure for the cross section is shown in
Fig 8, it was adapted from a cross section presentedin Ref
8. Only dataup to a heightof 14 km is shown in Fig 8, but
for the occultation simulations, both temperature and
moisture information from the surface upto a height of 70
ki was generated. The cross section shows the strong
front extending from the surface at about! ;500" kmupto a
height of about I 2 km at a distance of 700" km. The
change acrossthe 2,()()() km of the cross-section is
representative of a very pronounced front that mightbe
found at mid latitudes over continents during the wintet,
The structure inthe cross-section of the stratosphere and
the mesosphere also contains features that arc consistent
with those expected between a very cold air mass and a
Wl tn air 1mass.,

The refractive index was computed from the
temperature and moisture cross-sections, The change in
the refractivity from one end of the cross-section to the
other ranged from about 50 % at 70 km to about i 0 %
near the surface. Typical variability of’ the refractivity
within the troposphere of the cross-section was about
15%.

Using this weather front structure, the accuracy of
tropospheric refractivity retrievalsunder somewhat
extreme conditions can be assessed. Applying the
simulation system described in Section 3, signal paths
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fromthe GPS satellite to a receiver in | 1O were traced
through the weather front shown in Fig 8to generate a
simulated data set. This was inverted torecover the
apparentverlical refractivity structure at the center of the
cross-section at 1,000 km under the assumption of local
spherical symmetry (the Abel transform solution), it the
atmospheric structure for the moss-section exhibits only a
lincar change, the Abel transform still provides an
excellent solution for the center profile. The reason is that
an cxcess contribution of the refractive index to the
observed phase change from one side of the center will be
offset by acorresponding deficiency 0On the other side of
the center. on the other hand, refractive-index structure
[hat is symmetric about the center profile, such as either a
relative minimum or maximum value at the center, will
introduce errors when the Abel transform soiution is used
(Ref 4). Thus the retrievals provide an initial estimate of
the effectof symmetric atmospheric structure relative to
the center (at 1000 km). The results arc shown in Fig9.
Eixcept at the very highest levels and near the surface, the
errors can he expected tobe less thanl %, and for many
heights the error is less than 0.6 % even with the local
spherical symmetry ass umption. The Abel transform
solution is convenient to provide initial estimates of the
effect of a non-uniform atmosphere on the retrieval of the
refractive-index profiles. However, other technigques have
already been developed to handle a non-uniform
atmosphere (Ref 2), and when these arc applied, it is
(‘X]K‘(‘l(‘d that the €rrors in the recovery of refractive index
will generally be smaller that those shown in Fig 9.

Once the ionosphere contribution to the refractive
index is removed, the procedure outlined in Section 2
provides the steps to retrieve the temperature atthe center
of the cwss-section shown in Fig 8. The pressure profile
is computed by integrating the refractive index profile
beginning at the top of the profileor 70 km in our
cxample. The integration can proceed downtoa height
where moisture starts contributing to the refractive index

9

which in the profile of Fig 81s about § km. In ordetfor
the integrationto proceed10 the surface, anaverage lupse
rate in temperature of 6 K km was assumed from 8 ki
to the surface: this step leads 1o an estimate ot tire first
term Of L | and by subtracting this estimate from the
simulated refractive index, information on the moisture
profile i\ obtained.

The result\ of this retrieval procedure are shown in
Figi 0.Since the pressure at the top of the profile would,
in general, not be known, an error of 5% in the pressure at
a height 01 70 km was introduced. The effectof the
unknown pressure at the start of the integration 1s largely
removed after descending about two scale heightsto near
60 km. For much of the stratosphere, the error inthe
temperature is less than (),5 K. The variable structure in
the cross-section near e tropopause leadsto anincreased
error in the temperature profile at heights between9 and
12 km. Below 8 ki, the error is a reflection ot how well
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Fig 9 Error in the retrieval of refractive index at the center
of the cross section shown in Fig 8

the assumed average lapscratc matches the él(,‘lllillpl‘()ﬂle.
The large errors in the temperature estimates in this
altitude region also cause large errors in the water vapot
estimates. As shown in Ref 3, the retrieval of moisture in
the lowest Skm of the troposphere dependsvery strongly
on how well the temperature can be estimated
independent of the occultation observations. These results
in the lower troposphere should be viewed as upper limits
in that they donot take advantage of additional
information on the temperature anti pressure structure
provided from other sensors anti weather models which
will improve these results. Combining these observations
with these other sources of information needs further
research.

The situation of the front is in marked contrastto
the situation encountered with marine boundary layer
inversions where the refractive-index profile is useful for
identifying the height of the inversion because both
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temperature and moisture contribute to the existence of a
very strong refractivity gradient at the top of the boundary
layer (Ref 3). Unfortunately, in the case of a front, the
moistand dry ef'feels lend tocancel. On the front's cold
side, the ait is denserbut contains less water so the dry
contribution is larger and the moist term is smaller than
the relative contributions of theit counterparts onthe
warm side with the netresultthat remarkably little
microwave refractivity contrast exists across the front.
Therefore, for the case of a highly variable atmosphere in
the mid latitudes, the optimum use of the occultation
measurements may be in using the refractive-in{icx profile
as a limitfor contributions by both temperature and
moisture.

6. CONCLUSIONS

Some insightinto the mechanism of the radio
occultation technique and its potential performance in the
presence of ionospheric effects and noise sources on GPS
occultation measurements has been described. The effects
of horizontal structure associated with a weather front on
the retrieval 01 refractive index, temperature, anti moisture
have also been presented. Treating the horizontal issuc is
particularly important because it may be the largest error
source in the troposphere. Even with large horizontal
changes in the atmosphere, temperatures in the
stratosphere and upper troposphere may be retrieved with
an error of less than i K.
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APPENDIX

EFFECT oF THE JONOSPHERE ON THE GPS
SIGNALS

Theindex 01 refraction forthe ionosphere, 1, is
given by the Appleton-Hartree formula

ni=1-- 2X(1-X)
’ 21-X)-viaVyia a0 -Xyv (Al
where
2 20452
¥ :(f,>)) - gNP Ane,m) (A?_)
f 2 3
Yi=Y sn Op;Yy =Y cos@n, (A?)



Y = fx'): gl(’ | Bof2mwm )
f’ f

(Ad)

N is the number density of electrons, ¢ and m are
the electron charge and mass, respectively, &, is the
permitivity of the free space. fp, fp and f are the plasma-,
gyro- and carrier frequencies respectively, 8p is the angle
between the earth’s magnetic field B4 and the direction of
propagation of [he wavefront k. B, is [he magnitude of
B,. By definition Y = ¢eB,/2nfm, and since for electrons e
is negative, Y is antiparallel to B, . Tor the earth’s
ionosphere, with N = 1012 electrons/m3 the plasma-
frequency fp = 8.9MHz. The gyro-frequency foran
clectron in earth’s magnetic field (2)(]()“5 Tesla) is fg =
.59 MHz.

The plus and minus signs of Eq. (I) correspond to
the ordinary and extraordinary wave modes Of
propagation respectively, When the carrier frequency is
large compared to plasma- and gyro-frequencies, as is the
case with the GPS frequencies, the principl modes of
m opagation are dominantly circ vlarly polarized. 1gnoring
the I.CP componentof the GPS signal which has less than
35% and 2.5% of the total power, for 1.1 and 1.2
respectively, only the (-) sign will be of relevanceto us in
the subsequent analysis,

in powers of the inverse carrier frequency, the
index of refraction for the ionosphere can be written as

n::l»»]X-—]XY lcos Oy |

2 2 ) . (AS
Ix ~|X+Y‘(l+cos‘0n )}
4 2

The phase delay of asignal passing through the

ionosphere is given by

(A6)

n ds,

-~
n

curve

whereds is an element of length along the curved path
that the signal travels (see Fig. Al), and cisthe velocity
of lig ht in vacuum. The integral for .1 and 1.2 is along the
curved path that each signal travels. Using Lqs.(A2)-(A6)
the GPS carrier phase observable can be written, in the
dimension of Iength, as

(A7)

1

1):/)-({ I »\j{ 1 r‘+(1+1))j, (Ag)
i 20 >
where
g=! | fu-(-103) [ Nd. = 403 TEC, (A9)
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e Jo el
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=7527 ¢ NB, Ices Oy lds (A10)
dwrve |
r = (2437) N7 ds
wrve |
-t 4.74 x 102° NBZ (14cos’ 0 ) ds (A1 1)
Jowrve |
¢
X 2
a=-1] -1 {,1 + (’)n} Xax | dx (A12)
21 x- P 0z
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TEC is e total electron content along the path of
integration, A is the operating wavclcngth.Inliqs. (A7)
and (A8), p cortesponds to the geomettical distance plus
the neutral atinospheric delay along the path traveled by
the 7./ signal. It also contains all the non-dispersive terms
that are common to both freq uencies such as clocks,
transmitter and receiver delays. Inkq. (A7) and (AX) By
and B2 arc the sum of constant biases, multipath,system
noise, phase center variations and a transmitter/ receiver
relative geometry dependent term.Someof these terms,
such as multipath and system noise, have already been
considered earlier. The other terms can be solvedfor.

The second, third, and fourthterms on the right-
band side of k. (A7) and (A¥)are proportionalto the
inverse- square,inverse-cube, and inverse-quartic powers
of frequency, respectively. The term, &, is a curv ature
correction term.The dispersive ionosphere causes the two
signals totravel along two different paths (Fig. A1), It
should be noted that when computing te observables/.;



and /.2 based on L. (A6), wc integrated along the same
path, namelythatof 7. Theterin, «, 1S to correct for the
difference of integration between path .y and /1.2 This
difference is computed by Williams [Ref. 9] and Gueet,
al. [Ref 10] and is given by Eq. (A 12) for propagation in
aplane. The integration in Lq. (A 12) is along the straight
line connecting the transmitter and the receiver, p is the
curvature of the /.y path, n is the index of refraction and
- is the direction normalto X (Fig. Al ).
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Figure Al: Pictorial representation of the path
traveled by the GPS L1 and 1.2 signals.

The following linear combination removes the
fir st-order ionospheric term
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2™ order: 1/63 term: ~ a2.61x 10"*A’TEC ~16cem | ~33cm
(0<8 <2)
3 order: 1/64 term: ~2.0x10 31 \INpoy TEC | -86 mm [ -2.4 mm
(Nmax=3.0 X 10”¢/m2)
calibrated 1/13 term based on a
thin layer ionospheric model:
Table 1: Estimated zenith ionospheric group delay due to 1/£2,1/f3 and 1/f* terms, for an
arbitrary wavelength A (microwave region), L1 and L2 frequencies aswell as the residual

range error obtained from group delay measurements with dual-frequency calibration. It
is assumed that the zenith TEC = 1018 (e/m?). The phase advance can be read from this

lonospheric expansion term A& (MKS units) - (RRE)¢




5. Conclusion

We summarize our results in table 1, which shows the amount of group delay due to
18t 20d and 3rd ionospheric terms in the zenith direction, assuming a zenith TEC = 1018
(e/m2).

In employing a Chapman distribution and a dipole approximation for the magnetic field,
we were able to estimate the higher-order ionospheric effects on range and phase.
measurements. The second-order error can be several centimeters for range as well as
phase during daytime, for a year near sunspot maximum. Moreover, since the magnetic
field is fixed to the earth, and the GPS orbit, as seen from a ground station, repeats itself
daily (shifted by ~ 4 min. per day), the diurnal shape of the second-order error is most
likely to repeat its overall structure for several days, at least to the extent that the overall
electron density distribution remains unchanged. Such daily repeatable error in range and
phase will be mapped directly into orbital and baselines estimation. Our study shows that a
rough ionospheric model consisting of a thin shell at 300 km, plus a knowledge of the
TEC, alows us to calibrate the second-order term to better than 90%. This implies
reducing the second-order ionospheric error to less than 2 mm on the average and,
therefore, potentially improving orbit determination and baseline solutions.
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